We construct Schwarzschild orbit-based models of NGC 7457, known as a peculiar lowmass lenticular galaxy. Our best-fitting model successfully retrieves most of the unusual kinematics behaviours of this galaxy, in which, the orbital distribution of stars is dominated by warm and hot orbits. The reconstructed surface brightness of the hot component matches fairly well the photometric bulge and the reconstructed LOSVD map of this component shows clear rotation around the major photometric axis of the galaxy. In the absence of a dominant cold component, the outer part of our model is dominated by warm orbits, representing an exponential thick disc. Our orbital analysis also confirm the existence of a counter-rotating orbital substructure in the very centre, reported in previous observational studies. By comparing our model with a variety of simulation studies, and considering the stellar kinematics and populations properties of this galaxy, we suggest that the thick disc is most likely a dynamically heated structure, formed through the interactions and accretion of satellite(s) with near-polar initial inclination. We also suggest a merger-driven process as the most plausible scenario to explain the observed and dynamically-modelled properties of the bulge of NGC 7457. We conclude that both the high level of cylindrical rotation and unusually low velocity dispersion reported for the NGC 7457 have most-likely external origins. Therefore, NGC 7457 could be considered as a candidate for merger-driven cylindrical rotation in the absence of a strong bar in disc galaxies.
INTRODUCTION
As a prediction of the cold dark matter cosmological model (ΛCDM; Springel et al. 2006) , hierarchical clustering (White 1997; Steinmetz 2001 ) and major mergers (Toomre 1977 ) build elliptical galaxies and classical (elliptical-like) bulges of disc galaxies on a short time scale through the complete and violent collapse of the protogalactic clouds. In this schema, mergers get less common through the expansion of the universe and consequently the evolution of galaxies, which are getting now more and more isolated, gradually changing to a more secularly driven one under the influence of internal rather than external actors (Toomre 1977; Le Fèvre Email: amolaei@iac.es et al. 2000; Conselice et al. 2003; Kormendy et al. 2010; Athanassoula et al. 2013; Knapen 2013) . This slow evolution of galaxies has been introduced as "secular evolution" (Kormendy & Illingworth 1982; Kormendy & Kennicutt 2004; Kormendy 2008) . However, mergers and accretion must also occur along the life of galaxies, even in low-density environments, and such external processes are known to push disc galaxies along the Hubble sequence toward Sa/S0 (Aguerri et al. 2001; Eliche-Moral et al. 2006 . Much observational and numerical work has been devoted to discriminating between internal and external evolutionary mechanisms (for a review see Kormendy 2013) . Bars in disc galaxies are considered as key drivers of the secular evolution by redistribution of the angular momentum, triggering of star formation and the morphological transformation of galaxies. During the secular evolution phase, bars c 0000 RAS arXiv:1907.03770v1 [astro-ph.GA] 8 Jul 2019
can significantly alter the structure and kinematics of disc galaxies and develop a complex rotation pattern within the central parts of galaxies, called "cylindrical rotation" (Kormendy & Illingworth 1982) . This feature is defined as almost constant stellar rotation speed within the bulge of a galaxy in the direction perpendicular to the disc plane, such that δv/δ|z| ∼ 0, where v is the line-of-sight velocity and z is the distance from the disc plane in edge-on projection. These feature has been confirmed in several observational studies of nearby barred galaxies observed in the edge-on view (e.g. Pence 1981; Kormendy 1983; Bettoni & Galletta 1997; Emsellem et al. 2001; Márquez et al. 2003; Pérez et al. 2009; Williams et al. 2011; Molaeinezhad et al. 2016 Molaeinezhad et al. , 2017 , including our Milky Way (see Barbuy et al. 2018, and references therein) . N-body simulations of barred galaxies confirm the link between the presence of a bar and a tendency to rotate on cylinders for stars within the bar, as a natural consequence of the bar buckling processes (see Combes & Sanders 1981; Martinez-Valpuesta & Shlosman 2004; Athanassoula 2003; Bureau & Athanassoula 2005; Athanassoula 2005) . In this scenario, after the bar develops, it experiences a period of buckling instability that thickens it in the axial direction (e.g. Combes & Sanders 1981) , giving birth to a boxy or peanut-shape bulgy structure in the central parts of the bar, termed boxy/peanut bulge (B/P, hereafter). From the galactic-dynamics point of view, bar formation makes the orbits in the bar more eccentric and more boxy and aligns their principal axes without greatly affecting the motion perpendicular to the plane; consequently, the cylindrical rotation follows naturally (Bureau & Freeman 1997) . As demonstrated in numerous N-body simulation studies of barred galaxies, the resulting velocity field due to this orbital reconfiguration is compatible with the observed cylindrical rotation in B/P bulges (see Molaeinezhad et al. 2016 , and references therein).
Cylindrical rotation was objectively-quantified by Molaeinezhad et al. (2016) for a sample of nearby early-to-intermediate disc galaxies with high-quality SAURON 2D spectroscopy. Their findings support that high levels of cylindrical rotation is a common feature of strongly-barred disc galaxies. They also note that NGC 7457 is an exception, in the sense that the level of cylindrical rotation is as high as that found in B/P bulges in their sample, while the photometric and kinematic properties of this galaxy suggest there is no bar present. In fact, the stellar line-of-sight velocity map of this galaxy, within the bulge dominated region, is distinctly different to that of an unbarred galaxies (classical bulge), in which the minor-axis rotation velocity is naturally expected to decrease along the vertical direction (see Fig. 3 of Molaeinezhad et al. 2016 , for a comparison between the line-of-sight velocity maps and profiles of two representative cylindrically rotating and classical bulges). This finding may pose a challenge to the generally-accepted belief that high level of cylindrical rotation traces the presence of a bar. It also brings up the question that, in absence of a strong bar, what mechanism can create high cylindrical rotation?
NGC 7457 is a highly inclined S0 galaxy (inclination i = 74 o ; , originally selected from the wellcharacterised sample of Balcells & Peletier (1994) of inclined earlytype disc galaxies. This galaxy is one of the nearest S0 (de Vaucouleurs et al. 1991 ) with a distance of 12.9 Mpc and it resides in one the 3 subgroups of filamentary group NGC 7331 (Ludwig et al. 2012) . It is accompanied by UGC 12311, a spindle-shaped galaxy at a distance of 5.7 from the centre of NGC 7457 (see right panel of Fig. 1 ). The basic properties of NGC 7457 are presented in Table 1 . NGC 7457 is peculiar in several of its properties. Previous studies proposed a very small bar-like distortion in the centre (Michard & Marchal 1994) , a counter-rotating Gebhardt et al. (2003) core (Sil'chenko et al. 2002) , a chemically distinct nuclei (r < 1. 5) younger than the surrounding bulge (Sil'chenko et al. 2002) associated with AGN , a significantly high level of cylindrical rotation and unusually low measured velocity dispersion in the bulge (Sil'chenko et al. 2002; Emsellem et al. 2004; Molaeinezhad et al. 2016 ) and a possible disc-like bulge on the basis of observed deviations from the FaberJackson L-σ relation (e.g. Kormendy 1993; Pinkney et al. 2003) . Both chemodynamical and photometric studies of NGC 7457 bulge, confirm the bulge of NGC 7457 is young, with a mean age of the stellar population of 6-7 Gyr (Andredakis et al. 1995; Sil'chenko et al. 2002) . The luminosity profile of the NGC 7457 bulge has also been a matter of debate. While Burstein (1979) classified this galaxy as a disc-dominated system with D/B = 1.6, Andredakis et al. (1995) argued the slope of luminosity profile for bulges of this galaxy is much steeper (nSersic = 6) than one would expect for a disc-dominated galaxy, even steeper than namely normal lenticulars and of pure ellipticals. Recently, Erwin et al. (2015) performed a detailed morphological and isophotal analysis of NGC 7457 using archival V-band images from JKT and INT telescopes, combined with the HST WFPC2 F555W images for the central regions (r < 6 ). They claim that, the isophotal structure of this galaxy at both inner and outer regions could be very well described with a round classical bulge embedded within a highly inclined disc, with no evidence in favour of any bar-like stellar structure in the isophotes and surface brightness (SB, hereafter) profiles.
From a different point of view, Hargis et al. (2011) performed a detailed chromodynamical analysis of globular clusters (GCs) in this galaxy, as a proxy for galaxy formation models and reported a noticeably elliptical spatial distribution for GCs. They conclude that the formation scenario for this galaxy is most-likely through a merger event involving galaxies with unequal masses. This is in agreement with Sil'chenko et al. (2002) who also proposed a a merger-driven evolution in this galaxy. Zanatta et al. (2018) in contrast, using the same approach, found that NGC 7457 has a disc dominated GC population. They claimed that, considering the estimated halo assembly epoch of this galaxy, along with the low density environment of this system and discy distribution of its GCs, a secular evolution scenario is the best mechanism to explain the observed properties of this system.
Overall, these puzzling contradictions suggest that NGC 7457 could not be consider as a typical S0 and most likely this system has a complex evolutionary history. Our suggestion is that, cylindrical rotation as a key dynamical behaviour of the inner regions of this galaxy may play a crucial role in this context and answering the question that "What is the origin of such high level of cylindrical rotation in bulge of NGC 7457?" could offer new insights into our understanding of the formation and evolution of this peculiar galaxy. It is worth noting that, most of the previous studies on this galaxy suffer from the uncertainties due to inconsistencies between the morphologically-and kinematically-based decompositions approaches and the way that the outcomes of these two approaches are interpreted and linked to each other.
Schwarzschild orbit-based dynamical modelling (see , and references therein) has been widely used to uncover the internal dynamics of early-type galaxies. It builds galactic models by weighting the orbits generated in a gravitational potential, makes it possible to dynamically decompose the galaxies into different orbital/dynamical components (e.g. van de Ven et al. 2008) . Recently, has extended the application of this approach to late-type galaxies. In this method, the dynamically decomposed components are not necessary to match the morphologically decomposed components and therefore does not suffer from the uncertainties due to the model-dependent morphological decompositions (see Tabor et al. 2017; Méndez-Abreu et al. 2018) .
In this paper, as the third paper of a series aimed to understand the nature and evolutionary processes of bulges in highlyinclined disc galaxies, we focus on the origin of kinematics peculiarities, reported in previous studies for this galaxy, specially, the high level of cylindrical rotation and low velocity dispersion in the NGC 7457 bulge, based on a detailed dynamical study of this system, derived from the orbit-superposition Schwarzschild models. In Section 2, we present our data and give a summary of optical properties, kinematics and stellar population analyses of the this system. In Section 3, we present our results of the Schwarzschild orbit-superposition modelling of NGC 7457 and show the orbital decompositions. Section 4 gives the discussion and we conclude in Section 5.
DATA & MEASUREMENTS
The IFU observations of NGC 7457 has been described in detail in Molaeinezhad et al. (2016) . Briefly, the spectroscopic observations of this galaxy, as part of a project to study the vertical kinematics and population structure of bulges in highly inclined disc galaxies (see Molaeinezhad et al. 2016 , and references therein) were carried out between October 1999 and 2011 with the SAURON integral-field spectrograph attached to the 4.2-m William Herschel Telescope (WHT) of the Observatorio del Roque de los Muchachos at La Palma, Spain. Considering the main aim of that project, the observed field of view (FoV) and spatial resolution for the survey has been considered to cover 1Re of this galaxy. For NGC 7457, two overlapped SAURON pointings give a 18 × 36 field-of-view (FoV) of the central region of this galaxy (see left-top panel of Fig. 1 ). The stellar kinematics data used here is as the one presented in Molaeinezhad et al. (2016) . The kinematics maps for NGC 7457 are presented in Fig. 2 . In this figure, we present the stellar velocity, σ, h3 and h4 maps (left panels) and related error maps (middle panels). We also present the radial profiles for these quantities along the major axis of the galaxy at four different heights from the mid-plane (right panels), within the photometric bulge analysis window. Note that, following the same approach presented in Molaeinezhad et al. (2016) , the extent of the bulge in the radial (x) and vertical (z) directions has been evaluated by integrating the residual images along the minor (or major) axis, after subtracting the best exponential disc model from the r-band image of NGC 7457 (taken from the Sloan Digital Sky survey DR10 (Ahn et al. 2014) ). The xB and zB represent the region in which more than 90 per cent of light comes from the bulge. This region is marked with a blue rectangle in the left-bottom panel of Fig. 1 , where we present the isophotes of the residual image, obtained after subtracting the best fitted disc from the original image.
Kinematics analysis
The velocity map of NGC 7457 clearly exhibits a cylindrical rotation pattern within the photometric bulge region. The velocity profiles are remarkably parallel at different heights from the mid-plane, even beyond the photometric bulge window. In Molaeinezhad et al. (2016) , we introduced a numerical metric for cylindrical rotation (m cyl ), optimised for 2D kinematic data to measure the importance of this feature. m cyl is generally a value between +1 (indicates pure cylindrical rotation) and 0 (where there is no sign of cylindrical rotation). Following this approach, we found a value of m cyl = 0.83 ± 0.06 within the photometric bulge area of NGC 7457 and m cyl = 0.71 ± 0.13 over the entire field of view of our SAURON velocity map. This value is remarkably high, even higher than that measured for strong B/P bulges in side-on bars with perfectly edge-on orientation. Given the widely accepted link between high level of cylindrical rotation and presence of bars, it is crucial to investigate this galaxy from this aspect.
The complexity of various non-axisymmetric features found within disc galaxies such as bars and spiral arms are considered a key to the understanding of the evolutionary path of these systems. In edge-on, or highly inclined disc galaxies, bars are most easily (photometrically) recognised by the prominent bi-lobed, boxy or Xlike shape formed by the stellar material above the disc plane, via the vertical buckling instability of the bar (e.g. Kuijken & Merrifield 1995; Bureau & Freeman 1999; Martinez-Valpuesta & Shlosman 2004) . Meanwhile, bars oriented exactly parallel to the line-of-sight appear almost spherical and thus difficult to identify (see Bureau et al. 2004; Athanassoula 2015) .
NGC 7457 has been classified as a SA0-(rs) (de Vaucouleurs et al. 1991 ) galaxy with no observational evidence supporting the presence of a B/P bulge or an strong bar in the photometric data. Michard & Marchal (1994) have reported the possible presence of a small bar-like distortion, based on isophotal analysis, however, more recent analyses (e.g. Balcells et al. 2007; Fisher & Drory 2008 Kormendy et al. 2011; Erwin et al. 2015) clearly identify a round bulge embedded within an inclined disc for NGC 7457, with no sign of a discy pseudo-bulge or even a small bar-like structure. In fact, the transition to identifying the round bulge comes from using NIR HST imaging which helped with spatial resolution and weaker dust obscuration (Balcells et al. 2007) . From kinematic point of view, bars in disc galaxies exhibit specific signatures. Bureau & Athanassoula (2005) suggested, using N-body simulations, a number of bar diagnostics in highly inclined systems: (1) a doublehump rotation curve; (2) a broad central velocity dispersion peak with a plateau (and possibly a secondary maximum) at moderate radii and (3) an h3 profile correlated with velocity over the projected bar length. Later, all these diagnostics have been success- fully expanded beyond the disc plane by Iannuzzi & Athanassoula (2015) . Molaeinezhad et al. (2016) exploited this approach on 12 mid-to highly inclined galaxies, observed with SAURON IFU, and suggested that the correlation between the stellar line-of-sight velocity (V) and the h3 Gauss-Hermite parameter is a very reliable bar diagnostic tool. As noted in that work, the success of this method is in the ability to unveil the hidden bar, even where the bar is not clearly visible in photometric data, due to its orientation or strength. As discussed in Molaeinezhad et al. (2016) , the V-h3 correlation is negative or null over the entire field of NGC 7457, as expected for an unbarred galaxies. Therefore, from both photometric and kinematics points of view, there is no evidence in favour of a bar-like structure in this galaxy.
As shown in the second row of Figure 2 , NGC 7457 is a case of a low-dispersion galaxy (< σ bulge >=71.3 ± 3.5 kms −1 ). Given the significant deviation of this galaxy from the L − σ0 relation of S0Sbc galaxies, NGC 7457 has an unusually low measured velocity dispersion. This matter is still under debate. While some authors consider this galaxy as a peculiar case (e.g. Kormendy & Illingworth 1983; Dressler & Sandage 1983) , Sil'chenko et al. (2002) interpret it as due to a possible counterrotating component that weaken and suppress the observed rotation velocity along the lineof-sight. However, except the kinematically decoupled core (KDC, hereafter), observed in the centre of NGC 7457 (e.g. Emsellem et al. 2004) , no observational evidence in favour of a counter-rotating disc in outer region of this galaxy has been reported so far. Indeed, more chemo-dynamical studies are necessary to confirm this scenario. We investigate this in Section 3, where we present our Schwarzschild dynamical model of this galaxy.
Stellar population analysis
For NGC 7457, we have measured a set of line-strength indices available within the wavelength range provided by SAURON , (e.g. Hβo, Fe5015 and Mg b) to estimate the stellar population properties. These line indices have been measure in the recently defined Line Index System (LIS) LIS-8.4Å (Vazdekis et al. 2010) . Our stellar population analysis are based on αMILES stellar population models (Vazdekis et al. 2015) and our method has been described in detail in Molaeinezhad et al. (2017) . Briefly, αMILES stellar population models have been computed over a wide range of ages and metallicities at both solar scale and for [α/F e] = +0.4. To cover the entire parameter space, for both scaled-solar and α-enhanced SSP models, we produce an interpolated grid of model line-strengths for different ages and metallicities. Then, we interpolate/linearly-extrapolate these scaled-solar and α-enhanced grids to cover the [M g/F e] range from -0.1 to +0.8 dex. Finally, the SSP-equivalent age, metallicity, and [Mg/Fe] for each spectrum is determined by the least linear χ 2 fitting, and uncertainties of the best-fit parameters are determined via bootstrapping.
In Fig. 3 we present the SSP-equivalent age, metallicity, and [Mg/Fe] maps of NGC 7457 over the entire SAURON field. The stellar population over the entire field, covering the bulge is remarkably young (< age >= 3.4 ± 1.8 Gyr) and slightly older moving outwards while the very central region (r < 2. 5) is heavily dominated by 2-3 Gyr stellar populations. It is consistent with the central chemically distinct young stellar population reported for this galaxy by Sil'chenko et al. (2002) , Moorthy & Holtzman (2006) and that from multi-band photometric studies (Peletier et al. 1999) . The presence of such young populations of stars in the central regions of disc galaxies is mostly accompanied by large amounts of dust, while in case of NGC 7457 no nuclear dust feature was observed (Peletier et al. 1999 ). . SAURON stellar kinematics maps, related error maps and profiles along cuts parallel to the major axis at four representative different heights from the disc plane. The vertical dashed lines show the bulge boundary along the major axis (x B ). Note that, all maps are rotated so that for each galaxy the x-axis are along the kinematic major axis of galaxy. As shown in the middle panel of parameter is generally considered as a "chemical clock" to assess the timescale of star-formation for the bulk of a stellar population (e.g. Thomas et al. 2011; Vazdekis et al. 2015) . It is worth noting that, Molaeinezhad et al. (2017) reported a strong difference in the behaviour of vertical [Mg/Fe] gradients in bulges of barred and unbarred systems. In their sample of 38 mid to highly inclined nearby disc galaxies, the vertical [Mg/Fe] gradients within the bulge area of barred galaxies are mostly positive, while for unbarred galaxies the profile is almost flat or negative. While the [Mg/Fe] gradient for NGC 7457 is very similar to that of bulges in unbarred galaxies (excluding the very central region), the relatively young population of stars is not what one may expect from a classical bulge. This contradiction will be discussed in detail in Section 4.
SCHWARZSCHILD MODELS AND ORBITAL DECOMPOSITION
Understanding the distribution of stellar orbits in a galaxy plays an important role in drawing a more realistic picture of its formation and evolution path and better understanding the observed properties. Schwarzschilds (1979) orbit-superposition method is a powerful dynamical modelling technique that builds galactic models, using a representative library of stellar orbits in a gravitational potential and weighting them to reconstruct the observed surface brightness and kinematics of galaxies.
Schwarzschild orbit-based dynamical modelling
Schwarzschilds (1979) orbit-superposition technique has been described in detail in . Briefly and practically, the first step is to construct the stellar mass distribution of the gravitational potential, needed to build the triaxial Schwarzschild models. For this, a photometric model is constructed from the galaxy's image by an axisymmetric 2D Multiple Gaussian Expansion (MGE) model (Emsellem et al. 1994; Cappellari 2002) . After assuming the space orientation of the galaxy, described by three viewing angles (θ, φ, ψ), the 2D axisymmetric MGE flux could be de-projected to a 3D triaxial MGE luminosity density, in which the intrinsic shape of the 3D triaxial Gaussian components could be express by a set of three viewing angles (q,p,u), where qualitatively, q represents the short-to-long axis ratio, p is the intermediate to long axis ratio, and u represents the ratio between the intrinsic and projected MGE Gaussian widths along the major axis of the galaxy. Assuming a constant stellar mass-to-light ratio Υ * as a free parameter of the model and multiplying that to the reconstructed 3D luminosity, we obtain the intrinsic mass density of stars. For the DM distribution, a spherical NFW (Navarro et al. 1996) halo is adopted with two free parameters: the DM concentration c and the virial mass M200, in which the concentration parameter could be fixed following the known relation with M200 from cosmological simulations (e.g. Dutton & Macciò 2014) . The problem is then reduced to 5 free parameters to build the models, namely Υ * , q, p, u and M200. A central BH mass is the last part that should be included to generate the gravitational potential that we fix it with MBH = 3.5×10 6 M .
The next step to construct the triaxial Schwarzschild models is to generate a representative library of orbits that admit three exact analytical and isolating integrals of motion E, I2 and I3 in this gravitational potential (see van de Ven et al. 2008 , for more details). Orbits are characterised by the time-averaged radius, represents the size of each orbit and circularity parameter λz that describes the angular momentum of each orbit in the given gravitational potential. In this context, λz = 1 correspond to circular orbits, λz = 0 correspond to radial and box orbits, and counter-rotations orbits are identified with their negative circularities (λz < 0).
The orbits weights, described by the probability density of orbit weights, ρ(circularity, radius) are then determined by simultaneously fitting the orbit-superposition models to the observed surface brightness and stellar kinematics of the galaxy. Finally, to perform the orbital decomposition of the best fitted triaxial Schwarzschild model, a set of cuts is defined to decompose the orbits in the best-fitting model into four classes of hot, warm, cold and counter-rotating (CR) components.
For NGC 7457, we use our SAURON stellar kinematics maps, introduced in Section 2 to constrain the models. However, considering the higher S/N ration of our SAURON IFU data comparing to that of , we can also benefit from h3 and h4 maps to put more constrains on the models. Considering the wavelength range of our IFU data (4800-5380Å), the 2D flux distribution to construct the 3D stellar mass distribution is taken from the SDSS images in r-band. Fig. 4 illustrates the reconstructed stellar kinematics maps for the best-fitting model for NGC 7457 (second row), well matched to the observed (inputs) surface brightness and kinematic maps (first row). In Table 2 we summarised the parameters of the best-fitting models. Errors of the best-fitting parameters have been calculated using the models within 1σ confidence intervals.
Reconstruction of the orbital components
Taken the characteristics and the probability density of each orbit contributing in the best-fitting model, ρ(λz, r), in Fig. 5 we present the orbits distributions of the best-fitting model for NGC 7457 in the phase space of circularity λz versus intrinsic radius r. Following the similar approach presented in , orbits are divided into four classes of: cold (0.8 λz 1.0), warm (0.25 < λz < 0.8), hot (−0.25 λz 0.25) and CR with λz < −0.25. It is worth noting, these cuts are consistent with the dips recognised in the orbital distribution of the galaxies in the CALIFA sample (Sánchez et al. 2012) , derived by spanning a wide range of masses and morphological types. Moreover, the orbital components selected out in this way are consistent with the dynamical decompositions in a variety of simulations (see Fig. 16 of . By adopting these boundaries, the luminosity fractions (fL) of the cold, warm, hot and CR components within 1Re are 0.07± 0.05, 0.43± 0.09, 0.46± 0.14 and 0.04± 0.02, respectively. The uncertainty in the luminosity fraction of each component represents the scatter among the models within 1σ confidence.
As shown in Fig. 5 , the phase space is dominated by hot orbits in r < 20 and warm orbits in the outer regions, while contribution of the cold component is very small. In Fig. 8 we present the orbits fractions of CALIFA galaxies, as function of galaxy's total stellar mass, M * , while the corresponding values for NGC 7457 are overlaid. Clearly, the fraction of both hot and cold orbits in our orbital model of NGC 7457 are more similar to that in most massive earlytype than a low mass system in CALIFA sample.
Morphology of orbital components
In Fig. 6 we illustrate the reconstructed SB and stellar kinematics maps of the best fitting model of NGC 7457 for the different orbital components, inclined to the observed inclination of i = 73 o . For the comparison purpose, the observed (SAURON) SB and kinematics maps are also presented (first row). Note that, the SB maps have been weighted according to the contribution of each orbital component to build the final model. To present these results in a more quantitative way, in Fig. 7 we illustrate the surface brightness radial profile of these components. Following the approach presented in , we have used a set of four parameters namely, Sérsic index (n), concentration (C) and two intrinsic flattening parameters qRe and q Re,f ix , as quantitative descriptors of these profiles (see , for definitions). We have to note here that, for the flattening parameter qRe, we adopt the definition that allowing different components having their own major and minor axis, while the q Re,f ix is the flattening calculated by fixing the long axis of each component aligned with the major axis of the galaxy.
Interestingly, the cold (0.8 λz 1.0) component of the best fitting model for NGC 7457 has a remarkably high Sérsic index and concentration (n=2.7, C=0.9) in the central parts, comparable to the most massive galaxies in sample. These results together with the relatively high levels of flattenings (qRe & q Re,f ix ∼ 0.3) describe a flattened and near-oblate structure. Clearly, the cold orbits cannot be fit by a single Sersic profile, representing a perturbed disc with stars on nearly circular orbits. Later, in Section 4 we will discuss the different possible scenarios that might have lead to the formation of this dynamically cold component. To better understand the geometry of this component, in Fig. 9a and 9b we present the reconstructed SB and kinematics maps of of the different classes of orbits in our model in two edge-on (inclination i = 90 o ) and face-on (i = 0 o ) projections. Warm orbits in our best fitting model remarkably contribute in both inner and outer parts of the surface brightness map. The SB profile of the warm orbits are well described by an exponential profile (nSersic = 1.2), constitute a thick disc. The next interesting feature is an elongated (and triaxial) spheroid, representing the SB of hot orbits in our best-fitting model. This orbital component with the highest contribution in the total luminosity of the best-fitting model, demonstrates significantly high level of Sérsic index (n=3.6) and intrinsic flattening (q Re,f ix = 1.21). The surface brightness of the hot component fairly matches the photometric bulge, with comparable scale length (∼ 10 ). The reconstructed LOSVD map of this component shows clear rotation around the major photometric axis of this galaxy, known as "prolate rotation" (see Tsatsi et al. 2017 , for more details). The CR component of the best fitting model is highly concentrated (C=1.4) in the central regions (r < 2. 5). The scale lenght of the CR component matches quite well the measured diameter of the KDC, observed in the centre of NGC 7457 (e.g. Emsellem et al. 2004 ). However, It should be stressed that, as noted in , the dynami- . Normalised edge-on surface brightness profiles of the orbital components, derived from the best-fitting model, along the galaxys major axis of NGC 7457s. The blue crosses, orange triangles, red diamonds, and black pluses are the averaged SB of the cold, warm, hot, and CR components, respectively.
cally decomposed components are not necessary to match the morphologically decomposed ones. Another important caveat is that, the distribution of warm orbits in NGC 7457 (0.25 < λz < 0.8) shows a bimodal pattern with a dip at λz ≈ 0.7. Hence, it would be tempting to make the cut between cold and warm components not at λz = 0.8, but instead at the dip around λz = 0.7. We tested this and reassuringly concluded that, despite a remarkable increase in the fraction of cold orbits, the shape of the SB and kinematics of neither cold nor warm component has changed significantly. Therefore, our results are robust against changing the boundaries to define the warm and cold components. We will come back to this issue in Section 4.1, where we discuss the possible scenarios for the formation of the thick disc in NGC 7457.
DISCUSSION
In the preceding sections of this paper, we investigated the stellar kinematics and populations of NGC 7457 within ∼ 1Re, allowed by our SAURON data. Using a triaxial implementation of Schwarzschilds (1979) orbit superposition method, we constructed a realistic triaxial dynamical models for this galaxy and dynamically decomposed the best-fitting model into four orbital substructures. Our r-band M/L of 2.29
+0.15
−0.33 inferred from the best-fitting Schwarzschild modelling is slightly lower than 2.8 reported in , from stellar population modelling, assuming Salpeter IMF (Salpeter 1955) , though it is consistent within 2σ errors. This difference most-likely arise from different IMFs, assumed in these two studies. The inclination angle θ, derived from the intrinsic shape parameters is ∼ 73 o in excellent agreement with inclination of 74 o , reported in . In order to investigate the dynamical behaviour of this galaxy, in Fig. 10 we present the velocity anisotropy profiles σ function of the intrinsic radius r for the best fitting-model, where σt ≡ (σ 2 θ + σ 2 φ )/2 and σr, σ θ and σ φ represents the radial, azimuthal angular and polar angular velocity dispersion in a spherical coordinates.The two vertical dashed lines in this figure indicate the rough extents of the KDC-and bulge-dominated regions, along the major axis. According to this profile, NGC 7457 seems consistent with isotropy in the inner regions and mild radially anisotropic towards larger radii. To provide an estimate of the intrinsic (3D) outer shape of the best-fitting model, in Fig. 11 , we present the radial profile of the q and p parameters introduced in Section 3.1, and the triaxiality parameter, T (defined as T ≡ 1 − p 2 /1 − q 2 ) along the major axis. Comparing these profiles with the orbits distributions in the phase space (Fig. 5) , one can argue that, purely on the basis of the orbital configurations, the overall structure of this galaxy is a combination of a triaxial and dynamically hot bulge, surrounded by a kinematically warm and isotropic thick disc. However, as described in Section 3.3, the reconstructed surface brightness of different orbital components show a variety of complex features.
NGC 7457's disc: born hot or dynamically heated?
In the absence of a dominant thin disc, the outer part of this galaxy is dominated by a dynamically-warm component resembling the 'thick disc' in spiral galaxies. This is in favour of those formation scenarios, in which i) disc stars were dynamically hot at birth (e.g. Bird et al. 2013) or ii) disc stars born in a very thin layer of gas with cold orbits and observed thickening have appeared more recently (e.g. Merrifield et al. 2001) .
In the first scenario (born hot thick disc), discs being formed originally thick in situ at high redshift by the merger of gas-rich protogalactic fragments and later thin discs may be formed (Brook et al. 2007; Bournaud et al. 2009; Comerón et al. 2014 Comerón et al. , 2016 . However, as noted in McDermid et al. (2015) sometimes lenticular galaxies never acquired thin discs and only possess thick one (see Kasparova et al. 2016 , for more details). This scenario should produce old and low metallicity stellar population in the thick disc, which is in contrast to the generally young population of stars, observed over the entire SAURON field of NGC 7457.
On the other hand, in a disc heating scenario, stars were born dynamically cold in a primordially thin discs and can get dynamically heated and form a thick disc through different mechanisms e.g. satellite flybys (see Quinn et al. 1993; Qu et al. 2011a,b) , disturbances by satellite galaxies or mergers (e.g. Gerssen & Shapiro Griffin 2012) and secular thin disc flaring (Schönrich & Binney 2009 ). In the latter mechanism, the thick disc being secularly formed through the heating processes induced by disc overdensities (Villumsen 1985) or dark halo objects and globular clusters or through the radial migration mechanisms (Schönrich & Binney 2009) . Given that, NGC 7457 is a relatively low-mass and dynamically young galaxy, any long-term secular scenario is unlikely. Moreover, there is no observational evidence in favour of possible progenitor of thick disc in our kinematical, chemical properties and dynamical modelling of this galaxy.
The values of σz/σR, (where σz and σR are the vertical and radial velocity dispersions in a cylindrical coordinates) have been widely used in literature as a discriminant of different disc heating agents in the spiral galaxies (e.g. Merrifield et al. 2001 ) and the radial profile of this ratio is found to be a good indicator of the initial inclination of the decaying satellite (Villalobos & Helmi 2008) . However a possible caveat is that, as noted by Pinna et al. (2018) , the stellar velocity ellipsoid is very sensitive to the condition of possibly different heating processes that a galaxy may experience during its life-time (refer to Pinna et al. 2018 , for more details). In Fig. 12 we present the σz/σR for our best-fitting model along the radius R on the disc plane. As it shows, the ratio is close to unit along the radius, however it is moderately lower within 0.5Re and slightly increase afterwards and reaches its maximum at ∼ R=1Re.
Villalobos & Helmi (2008) presents simulations of the heating of a disc galaxy by a single minor merger (e.g. mass ratios of 1:5 to 1:10). They probed several configurations of the progenitor, including three different initial orbital inclinations of the satellites in both prograde and retrograde directions with respect to the rotation of the host disc and different mass scales. They studied the trend of the ratio σz/σR of the thick disc component as a function of radius for different prograde experiments and argued that the radial profile of the stellar velocity ellipsoid, σz/σR in the final thick disc can be considered as a good indicator of the initial inclination of the decaying satellite. They found that satellite inter- actions with 10-20 percent mass of the host galaxy can efficiently heat up the pre-existing disc in host galaxy to give rise to a thick disc, while its scale-height increases in proportion to the inclination of the encounter. They also argued that satellite encounters with lower initial inclinations are more efficient in introducing asym- metric drifts in the mean rotational velocity of the final thick disc; So that, encounters at higher inclinations can decrease the vertical gradients in the line-of-sight velocity distribution (LOSVD). Comparing the velocity ellipsoid (σz/σR) of the best-fitting model for NGC 7457 and those predicted by this simulation study, we suggest that the thick disc in NGC 7457 is most likely a dynamically heated structure, formed through the interactions and accretion of satellite(s) with near-polar initial inclinations. We suggest that this scenario can also explain the elongation of hot orbits, resembling the photometric bulge of NGC 7457, depending on the time and the conditions in which these encounters occur.
NGC 7457 is located in a relatively low density environment (Ludwig et al. 2012) but still accretion or minor merger(s) in the past seem inevitable. Assuming a single satellite accretion as a candidate agent for the dynamical heating of NGC 7457 disc, the presence of a dynamically warm and extended disc could be well explained as the result of a satellite accretion with an intermediate to high initial inclination. Moreover, as noted in Section 3.3, cold component of the best fitting model for NGC 7457 represents a perturbed disc-like structure. It might be well the result of a (prolate) merger perturbing the original (close to) exponential thin disc. It clearly supports our proposed near-polar merger scenario in which the circularity (λz) distribution of stars in the original thin disc shifts to lower regime, through the disc heating process.
The best-fitting dynamical model of NGC 7457 clearly shows a counter-rotating orbital component in the central regions of this galaxy. This feature has been observationally confirmed as an existence of a KDC (e.g. Sil'chenko et al. 2002; Emsellem et al. 2004 ). This KDC is geometrically matched to the central chemically distinct young, metal-rich stellar populations presented in Section 2.2 for the centre of NGC 7457. However, as noted in Section 3.3 our analysis of the orbital structure of NGC 7457 suggest a complex mixing of different orbital families and structures in the very centre. Therefore we could not blindly assign our populations properties to these dynamical substructures. We should also take into account that, this galaxy is known to host AGN , that clearly makes the evolution path of this galaxy much more complex.
Assuming the young stellar populations belong to the counterrotating core of the gas-poor NGC 7457 (Peletier et al. 1999; Welch & Sage 2003; Sage & Welch 2006) , gas is required to be present during the formation event. It is in favour of those formation scenario that involves a gas rich merger with retrograde orbital configurations. The spatial distribution of the counter-rotating component depends on the initial angular momentum of the acquired gas (see Pizzella et al. 2018 , for more details), such a way that it reaches to the centre with the opposite spin, being compressed and consumed by star formation to form a counterrotating stellar component (Sil'Chenko et al. 2011 ). An alternative process, without resorting to gas dynamics, would be the creation of a kinematically decoupled core through the retrograde stellar spiral-spiral mergers (Balcells & González 1998) . In this schema, the central bulges transport orbital angular momentum inward to the centre of the remnant, while the outer parts keep the spin signature of the precursor discs. The resulting KDC in this schema is expected to be metalrich with traces of a young population born from gas provided by the merger. However, we should consider the possibility that a single merger had in addition to the polar angular momentum also part of it total orbital angular momentum opposite to the main host discplane and therefore, the gas that the merger brought in settle, also contribute in forming a counter-rotating component in the centre. In this way, one can explain the formation of both the thick disc and the KDC at once.
NGC 7457's bulge
Hot component in our best-fitting model presents an elongated spheroid, representing the photometrically-identified bulge. This orbital component shows high level of triaxiality and the reconstructed velocity map of this component shows rotation around its major apparent axis (prolate rotation). This feature has been observed in few massive early-type galaxies, mostly belong to galaxy groups or clusters Emsellem et al. 2004; Krajnović et al. 2011; Emsellem et al. 2011) . Given the rarity of observations for this dynamical feature, its origin is still under debate and not well understood. Tsatsi et al. (2017) investigated a possible merger origin of prolate rotation by studying the kinematics of simulated early-type massive galaxies formed in N-body merger of progenitor spiral galaxies in polar orbits. They also reported ten early-type galaxies from the CALIFA Survey show observational evidence for prolate rotation. Given that they found no evidence for oblate rotation in these galaxies, they suggest a gas-poor merger origin for these systems. As noted earlier, comparing to the low mass galaxies in the CALIFA sample (M * < 10 10 M ), the hot component of NGC 7457 has too large n and C, as well as too large q. In fact, as noted in Méndez-Abreu et al. (2018) for CAL-IFA galaxies at this mass range, bulge contribution is rather small (B/T < 0.2) and hot components are usually disc-like, not as bulge-like as NGC 7457. Moreover, no prolate rotation has been reported in this mass range of the CALIFA galaxies, all late-type systems. We should note that, the CALIFA data quality of these lowmass galaxies are not good enough and these systems are mostly edge-on, thus it is very likely if there is actually similarly kinematic twin as NGC 7457, it could not be well resolved, and may not be fitted by the model. On the other hand, the prolate rotation in the bulge of NGC 7457 coexists with oblate rotation of the cold and warm components, while we do not detect such behaviour in CAL-IFA sample, therefore, it is not straightforward to interpret the prolate rotation of hot component in NGC 7457 as a merger product, as Tsatsi et al. (2017) .
We found several studies in the literature suggesting a merger driven mechanism to form the bulge of NGC 7457 from different point of views. Chomiuk et al. (2008) , used archival HST/WFPC2 images and Keck spectroscopy to investigate the stellar population of globular cluster (GCs) in NGC 7457 and concluded that a gasrich major merger is needed to explain high frequency of old and metal-rich GCs in this galaxy. Later, similar conclusion made by Hargis et al. (2011) , who using the same approach and also reported a noticeably elliptical spatial distribution for old and metal rich GCs in NGC 7457. Recently, Zanatta et al. (2018) presented a detailed chromodynamical analysis of NGC 7457 GCs and argued that, comparing the age of GCs (∼ 3-7 Gyr) and estimated halo assembly epoch of NGC 7457 (∼ 12.3 Gyr; Alabi et al. 2017) a gasrich major merger is not the right mechanism to form these structures but still accretion and interaction of gas-rich satellite seem inevitable. A similar conclusion has been made by Bellstedt et al. (2017) , who studied the stellar kinematics of the lowest stellar mass lenticular galaxies in SLUGGS survey (Brodie et al. 2014) , including NGC 7457 and by comparing the stellar kinematics of their sample with with those from various simulated galaxies, concluded that all low mass lenticular galaxies in their sample have not experienced major mergers since z ∼ 1, but they have probably experienced accretion through gas-rich minor mergers.
As noted in Ludwig et al. (2012) , NGC 7457 resides in one the 3 subgroups of the young filamentary group NGC 7331. NGC 7457 is accompanied by an asymmetric and spindle-shape dwarf S0/dE, UGC 12311 with the angular separation of 5.7 (∆V < 80 km/s). NGC 7457 subsystem represents the most dynamically evolved substructure of the NGC 7331 group (Ludwig et al. 2012) . This is in favour of the merger-driven evolution history we proposed to explain the observed properties and the orbital distribution in NGC 7457. For instance, as shown in Balcells & González (1998) , a disc-disc merger with mass ratio 3:1 or larger (intermediate mass ratio merger) does not destroy the orbital structure of the pre-existing disc, rather it heats it up leading to something resembling an S0, as a result of orbital redistribution.
It seems necessary to look in detail for evidences in the NGC 7457's environment, tracing such possible interactions. It is worth referring to the work of Duc et al. (2015) , who adopted a new observing strategy and data-reduction techniques to explore the diffuse low surface brightness light around nearby galaxies. Interestingly, they reported a stellar stream similar to a tidally disrupted satellite emanating east direction of NGC 7457 (see Fig. 10 of Duc et al. 2015) . However, given the similarity of this filamentary tail to those present all over the field of this galaxy in a zoom-out view, they suggested that this is most likely due to Galactic cirrus emission.
Cylindrical rotation in the absence of an strong bar
Given that there is no reliable evidence in favour of an strong barlike structure in NGC 7457, we propose a different scenario than a bar-driven kinematics to explain the vertically aligned LOSVD, dubbed cylindrical rotation, within the photometric bulge region of this galaxy. As noted in some N-body and numerical simulations of satellite encounters, such interactions with an oblique impact angle of the satellite can disrupt the radial motion pattern of stars in host galaxies and boost the vertical motion of disc particles (e.g. Bureau & Freeman 1999; Villalobos & Helmi 2008) . Moreover, presence of a counter-rotating component in the centre of NGC 7457, dynamically confirmed in this study, can naturally help to diminish the vertical gradient in the LOSVD. On top of that, as discussed earlier, the reconstructed velocity map of the hot component in the best-fitting model of this galaxy shows rotation around its major apparent axis. Therefore, we suggest that, the observed high level of cylindrical rotation in bulge of NGC 7457 as well as unusually low velocity dispersion of this galaxy could be the outcome of the mixing of (at least) these three mechanisms, all with external origin, with strong evidence against the presence of a bar and hence ruling out the internal origin for the pattern of cylindrical rotation in NGC 7457.
Could NGC 7457 have had a bar which imprinted the cylindrical rotation and was later destroyed, so that it is undetected today? While the presence of a luminous nucleus in NGC 7457 could contribute to bar destruction (Athanassoula 2003; Bureau & Athanassoula 2005; Athanassoula 2005 ), recent simulations indicate that bar destruction requires unnaturally-high central mass concentrations, as compared to those in real galaxies, and, certainly, as compared to the central mass in NGC 7457 (refer to Athanassoula et al. 2013 , for more details). Therefore, this option seems unlikely. Putting all these pieces together, we suggest a merger-driven evolutionary path to explain the observed photometric, kinematics and populations properties of NGC 7457.
SUMMARY AND CONCLUSIONS
We constructed traxial Schwarzschild orbit-based models of NGC 7457 and presented a detailed orbit-modelling analysis of this peculiar lenticular galaxy, with stellar kinematics and populations obtained from SAURON IFU observations out to ∼ 1Re of this galaxy. We reconstructed the surface brightness and kinematics maps of different orbital components, obtained from the best-fitting model and investigated possible mechanisms to explain peculiarities reported for this galaxy in previous studies. We succeeded in putting together all puzzle pieces of observed photometric, kinematics and populations of NGC 7457 to better understand the evolutionary path of this peculiar galaxy. The main results of this study are:
• Our kinematics analyses of NGC 7457, using SAURON IFU data exhibit high level of cylindrical rotation (m cyl = 0.83± 0.06) within the bulge dominated regions. We also confirm the previously reported low velocity dispersion (< σ1Re >= 63.5 ± 3.5 kms −1 ) for this galaxy.
• In agreement with the recent detailed photometric studies of NGC 7457 (e.g. Erwin et al. 2015) , we find no evidence in favour of a bar-like structure in our kinematics and stellar population analyses of this galaxy.
• Our stellar population analysis of this galaxy confirm that, in agreement with previous studies, the bulge of NGC 7457 is dominated by 4-5 Gyr stellar population with nearly solar metallicities and over-solar [Mg/Fe] ratios. We also confirm a chemically distinct young stellar nucleus with remarkably high metallicities in the very central regions of this galaxy (r < 2. 5).
• The stellar orbit distribution of the best-fit Schwarzschild model of NGC 7457 within 1Re is dominated by warm (fW arm= 43±9%) and hot orbits (fHot= 46±14%), while the contribution of cold and counter-rotating components is small (f Cold+CR < 11%).
• The best-fitting dynamical model of NGC 7457 can successfully recover the observationally confirmed KDC in the very centre of this galaxy. This orbital structure is geometrically matched to the chemically distinct young and metal-rich central component of NGC 7457.
• In the absence of a dominant cold component in our triaxial orbit-based model of NGC 7457, the outer part of our model is dominated by warm orbits. The surface brightness of this orbital component robustly represent an exponential thick disc, matches the photometric disc. Comparing the trend of the velocity ellipsoid (σz/σR) of the best-fitting model for NGC 7457 and those predicted by the simulations of the heating of a disc galaxy by a single relatively massive merger (Villalobos & Helmi 2008) , and given the relatively young and metal-rich populations of stars in NGC 7457, we suggest that the thick disc is most likely a dynamically heated structure, formed through the interactions of satellite(s) with nearpolar initial inclination.
• The highest level of contribution in the total luminosity of the best-fitting model of NGC 7457 belongs to the hot orbits. The surface brightness of this orbital component matches fairly well the photometric bulge. The reconstructed LOSVD map of this component shows clear rotation around the major photometric axis of the galaxy (prolate rotation). While the formation mechanism of the NGC 7457 bulge is still not well understood, we have gathered all the published studies of NGC 7457 bulge and suggest a merger-driven process as the most plausible scenario to explain the observed and dynamically-modelled properties of NGC 7457 bulge. We suggest, both high level of cylindrical rotation and unusually low velocity dispersions reported for the NGC 7457 bulge could have external origins. Our suggestion is that, possible satellite interactions with an oblique impact angle (near-polar) can disrupt the radial motion pattern and consequently the NGC 7457 LOSVD. This feature is boosted in the bulge dominated regions, where the counter-rotating component and prolate rotation of stars on hot orbits helps to diminish the vertical gradient of the LOSVD and construct the observed cylindrical rotation pattern. Therefore, we argue that, NGC 7457 provides the first direct example of cylindrical rotation in bulges, driven by external agents and not by bar-driven secular evolution.
